Introduction
Iron-containing perovskite compounds of the type A [12] B [6] X 3 (B ¼Fe and other transition metals) show a wide range of applications such as fuel cell cathodes, gas separation membranes and sensors [1] [2] [3] . Among them, the BaFeX 3−d compounds show interesting magnetic properties ranging from ferromagnetic-to antiferromagnetic-alignment of the magnetic moments [4] [5] [6] [7] . Perovskite structures are usually described in terms of the B cations occupying 1/4 of the octahedral sites in a close packed arrangement of AX 3 layers [8] . If a layer A is surrounded by two layers with different orientation (e.g. B A C), it is assigned the letter c in the Jagodzinski notation [8] ; if the layer A is surrounded by two layers with the same orientation (e.g. B A B), it is assigned the letter h in the Jagodzinski notation [8] . For a stapling sequence ccc…, the simple cubic perovskite structure (as found for example in SrFeO 3 [9] ) is formed, whereas the hexagonal perovskite structure is obtained for the sequence hhh… (for example in BaCoO 3 [10] ). A huge variety of stapling sequences between those boundaries are also known, e.g. cch.. for 6H-BaFeO 3−d [11] [12] [13] [14] , cchch… for 15R-BaFeO 3−d F y [15, 16] and cchh… for 12R-BaFeO 3−d [4, 14] . The nature of the connectivity of the iron octahedra via faces or corners depends on the type of surrounding layers. The connexion to iron atoms via a c-type layer is only by corners, whereas face sharing is found if the iron atoms are connected by a h-type layer.
The kind of perovskite-type structure formed can be related to the Goldschmidt's tolerance factor [17] , which is a simple geometric expression calculated from the ionic radii of the A, B and X ions and is based on the ratio of the lengths of the edge-and the face-diagonal of the primitive cubic perovskite structure. Hence, the type of structure formed can be influenced by changing the size of the transition metal cation by, for example, a change in oxidation state. For BaFeO 3−d this can be done by tuning the synthesis conditions and a variety of BaFeO 3−d compounds (with different values of d) can be made by applying different oxygen partial pressures and reaction temperatures, e.g. BaFeO 2.5 (P2 1 /c, vacancy ordered variant of the cubic perovskite) [11, 18] from preparation under N 2 ; 6H-BaFeO ∼2.8 (P6 3 / mmc) from heating under 1 bar oxygen atmosphere [14] ; and 12R-BaFeO ∼2.9 (R3m) from heating at elevated oxygen partial pressures (45 bar) [14] .
At lower temperatures, the Ba/Fe sublattice is relatively stable and this, combined with good anion mobility, can be used to modify the anion sublattice/ iron oxidation state. For example, Hayashi et al. [5] showed that cubic, ferromagnetic BaFeO 3 can be made by heating BaFeO 2.5 at 200 1C under an O 3 atmosphere. Therefore, low temperature modification methods [19] can be used to modify a preformed perovskite sublattice.
In general, high levels of anion vacancies favour the formation of structures related to the cubic perovskite [20] . Recently, Sturza
Contents lists available at SciVerse ScienceDirect journal homepage: www.elsevier.com/locate/jssc et al. showed that the addition of fluoride ions into the starting mixtures in high temperature synthesis routes contributes to the anion lattice remaining filled by lowering the average oxidation state of the Fe cation. In this way 15R-BaFeO 3−d F y (0.15≤y≤0.30) was prepared [15, 16, 21] with average iron oxidation states close to +III.
In contrast, high amounts of fluoride ions cannot usually be stabilised in alkaline earth-containing oxide compounds at high temperatures [22] . This is related to the high stability of the alkaline earth (AE) fluorides AEF 2 . A variety of fluorination agents can be used to modify the anion sublattice and the oxidation state of the transition metal in a preformed oxide, for example CuF 2 [23] , F 2 [24] and XeF 2 [25] have all been used for this purpose. In 2002, polyvinylidenedifluoride (PVDF) was shown to be a useful fluorination agent [22] and can be used for the synthesis of a variety of iron-containing oxide fluoride perovskite compounds with a high fluorine content, e.g. [35] showed that the fabrication of a fluoride ion battery is, in principle, possible and this opens up possible applications of oxide fluoride compounds as electrode materials for this application [36] .
Cubic-and hexagonal-(6H) BaFeO 2 F show highly robust antiferromagnetic ordering (T N ∼600-700 K) [27, 34] . For both compounds, the presence of iron as Fe 3+ helps stabilise the magnetic ordering temperature (e.g. 6H-BaFeO 3−d has an ordering temperature below 200 K [13] ). In addition, cubic BaFeO 2 F shows G-type ordering of the magnetic moments [27] , whereas the moments of the Fe 3+ ions in 6H-BaFeO 2 F order antiferromagnetically between adjacent layers along the c-axis [34] . In this article we report the first synthesis of the compounds 15R-BaFeO 2 F and 15R-BaFeO 3−d F 0.5 by low temperature fluorination of 15R-BaFeO 3−d F 0.2 using PVDF as a fluorination agent. The crystal and magnetic structures of both compounds have been examined by X-ray-and neutron-powder diffraction studies. Bond valence sums (BVS) have been used to elucidate the distribution of the oxide/fluoride ions and these suggest anion ordering in 15R-BaFeO 2 F. This insight has provoked us to apply BVS to our recently published structure of 6H-BaFeO 2 F [34] in greater detail, and we report here on an ordering between the oxide and fluoride ions in this compound and a revised structure.
Experimental

Sample preparation
The precursor oxide fluoride 15R-BaFeO 3−d F 0.2 was prepared by a solid state reaction between stoichiometric mixtures of high purity BaF 2 , BaCO 3 and Fe 2 O 3 powders (Sigma Aldrich,≤99.9%) which were ground using a planetary ball mill (Fritsch pulverisette 7, 350 rpm, 1.33 h), pressed to pellets to minimise the contact area to the surrounding atmosphere, and heated at 900 1C for 12 h under air in a covered alumina crucible. The samples were quenched to room temperature.
The oxide fluorides of composition 15R-BaFeO 3−d F y (y¼0.5, 1) were prepared from stoichiometric amounts of the as prepared 15R-BaFeO 3−d F 0.2 and polyvinylidenedifluoride (PVDF), which were thoroughly ground in n-pentane (for the synthesis of 15R-BaFeO 2 F, y¼1, a 4% excess of PVDF was used). The mixtures were slowly heated to 370 1C (20 1C/h) under air and kept at this temperature for 20 h; slow heating was found to be beneficial to synthesise a product free of BaF 2 impurities.
Structural studies were focused on the 15R-BaFeO 2 F phase, which was shown to be metastable and its thermal decomposition was confirmed by examining the decomposition products arising from heating at 900 1C for 5 min in air.
Diffraction experiments
X-ray diffraction (XRD) patterns were recorded on a Bruker D8 diffractometer with Bragg-Brentano geometry and a fine focus X-ray tube with Cu anode. A primary beam monochromator was attached. A LYNXEYE detector and fixed divergence slit were used. The total scan time was 16 h for the angular range between 51 and 1401 2θ.
Time of flight powder neutron diffraction (NPD) data were recorded on the HRPD high resolution diffractometer at the ISIS pulsed spallation source (Rutherford Appleton Laboratory, UK). 4 g of powdered 15R-BaFeO 3−d F 0.5 and 15R-BaFeO 2 F were loaded into 8 mm diameter thin-walled cylindrical vanadium sample cans. Data were collected at ambient temperature for 75 mAh proton beam current to the ISIS target (corresponding to ∼2 h beamtime) for each sample. 15R-BaFeO 2 F was also investigated at 300 1C and 400 1C to estimate the Néel temperature.
Structure refinements using both the XRD and NPD data were performed using the Rietveld method [37, 38] with the programme TOPAS 4.2 (Bruker AXS, Karlsruhe, Germany) [39] . For the room temperature XRD data the whole 2θ-range was used, while for the NPD data only those data collected in the highest resolution backscattering detector bank (bank 1, average 2θ¼168.3291, d max ∼2.5 Å) were used. The instrumental intensity distribution for the X-ray data was determined empirically from a sort of fundamental parameters set [40] using a reference scan of LaB 6 . The microstructural parameters were refined to adjust the peak shapes for the XRD data. For the neutron diffraction data, a corresponding TOF shape model was used. Lattice parameters were constrained to be the same for neutron-and XRD-data and the same positional parameters were used and refined for both data sets. Independent thermal displacement parameters were refined for each type of atom, but these for O and F on the same site were constrained to the same value (for the O1/F1 site in 15R-BaFeO 2 F). While these parameters were also constrained to be the same both for X-ray-and neutron-powder diffraction data, an additional B overall value was refined for XRD data accounting for further effects such as absorption or surface roughness. Reflections that showed a large magnetic scattering contribution were omitted from the initial crystallographic refinement. For 15R-BaFeO 2.25 F 0.5 , the thermal parameters of the Ba ions and O/F ions were constrained to be the same to allow for refinement of the site occupancies.
Refinements of the magnetic structures of 15R-BaFeO 2 F and 15R-BaFeO 3−d F 0.5 were performed with the programme GSAS [41, 42] using the NPD data collected in all of the HRPD detector banks. The magnetic contribution to the diffraction pattern was modelled by introducing a second phase in triclinic space group P1 with a doubled length (therefore containing twice the number of atoms) of the trigonal caxis containing just Fe atoms (to allow for an easier determination of the orientation of the magnetic moments) and calculating only its magnetic scattering. Unit cell, atomic positions and thermal vibration parameters in this second phase were set to the refined values determined above and then fixed to ensure that the triclinic (P1) cell remained geometrically and symmetrically equivalent to the R-3m cell doubled along the c-axis. Different orientations of the magnetic moments were investigated, including those previously reported for similar compounds [16] .
Magnetic measurements
DC susceptibility measurements were performed over the temperature range 5-300 K using a Quantum Design MPMS SQUID magnetometer. The samples were pre-cooled to 5 K in zero field (ZFC) and also in an applied field of 0.05 T (FC) and values of χ measured whilst warming in a field of 0.05 T. Field-dependent DC susceptibility measurements were performed on the same instrument at 5 K between 0 and 5 T.
Mössbauer measurements
The 57 Fe Mössbauer spectrum for 15R-BaFeO 2 F was recorded in constant acceleration mode using a ca. 25 mCi 57
Co/Rh source at 300 K.
Quantum mechanical calculations
Quantum mechanical calculations were performed to calculate the structure of anion ordered 6H-BaFeO 2 F and 6H-BaFeO 3 using a density functional approach with GGA, as implemented in the programme Castep [43] . The calculations were based on the use of ultrasoft pseudopotentials and of plane waves as basis functions. The cutoff energy of the latter was set equal to 300 eV. As the criterion for convergence we required that the total energy converged to 0.00002 eV per atom, a maximum stress of 0.1 GPa and that the forces acting on the atoms were smaller than 0.05 eV/Å. The functional of Perdew, Burke and Ernzerhof (PBE) [44] was used to describe the effects of exchange and correlation. A k-grid of 4 Â 4 Â 2 was used without further optimisation of the number of k points.
Results and discussion
The crystal structure of 6H-BaFeO 2 F-a reinvestigation
We recently [34] discussed the possibility of oxide and fluoride being randomly distributed on the two anion sites in the compound 6H-BaFeO 2 F, but occupying slightly different positions. Such a split site model [34] used two slightly different sites for the oxygen and fluoride ions with occupancies of 2/3 and 1/3. In the context of our investigations of 15R-BaFeO 2 F described in Section 3.2 we think that at least a partially (if not fully) ordered distribution of the oxide and fluoride ions is more likely in this compound and that the fluoride ions form a h-type layer of composition BaF 3 between the Fe 3+ cations which show a face sharing of the octahedra. We account for this assumption as follows:
-The off-centre shift of the iron cations in the face sharing octahedra is remarkably high. At first, we assumed that this was due to a high degree of cation repulsion between these relatively close cations. We therefore compared the crystal structures of similar compounds reported in literature and found that whereas the difference between the iron-anion distances in the face sharing layers and those in the corner sharing layers is remarkably high (Δ∼0.27 Å) for 6H-BaFeO 2 F, it is much lower in 6H-BaTiO 3 (0.03 Å [45] ) and 6H-BaFeO 3−d (0.06 Å [4] ). If cation repulsion constituted the only source for this off-centre displacement in 6H-BaFeO 2 F, the distances would be expected to be less different. Furthermore, in the compound 15R-BaFeO 2.42 F 0.2 [16] which is also reported to show ordering of the fluoride ions into h-type layers, the difference between the Fe-O distances in face sharing octahedra is significantly more pronounced (0.12-0.15 Å [16] ). -These differences in off-centre shift were also confirmed by ab initio structure calculations. We calculated the structures for an ordered 6H-BaFeO 2 F compound (all the F − in the h-type layer)
as well as the structure for 6H-BaFeO 3 . For 6H-BaFeO 2 F the Fe-F and Fe-O distances for Fe on the 4f site were remarkably different (2.22 vs. 1.85 Å), in good agreement with our experimental findings. For 6H-BaFeO 3 the distances of the Fe to the hand c-type layers were far more regular (1.95 vs. 1.90 Å), again in agreement with comparisons with other reported structures.
-The bond valence sums from both models (see Table 1 ) are in relatively good agreement for the cations in 6H-BaFeO 2 F. Nevertheless, the anion charges (which we did not calculate in our previous study [34] ) favour the occupancy of the 12k anion site by oxygen and of the 6h site by fluoride. In particular, the bond valences of F in the F1 (12k) site and O in the O2 (6h) sites are high and low respectively in the random distribution model, while more sensible bond valences are found for the ordered model. This is also in agreement with a lower observed Global Instability Index (GII) for the ordered distribution. Although the oxide-is larger than the fluoride-ion (Δ∼0.07 Å [46] ) and would be expected to show slightly larger distances as compared to fluoride, the higher negative charge on this layer overcompensates the size effect such that Fe 3+ suffers a higher attractive force, leading to a reduction in the distance to the (BaO 3 ) 4− layers.
Our investigations suggest that ordering of oxide-and fluorideions therefore may occur in 6H-BaFeO 2 F and this proposal is endorsed by our investigations of the 15R type phases reported in Section 3.2. Hence, our previously reported split site model for 6H-BaFeO 2 F might more reasonably be interpreted in terms of describing the thermal motion of anions. The revised structure of 6H-BaFeO 2 F is shown in Table 2 . It is worth mentioning that differentiation between different anion distributions can only be made by such a posteriori considerations of cation-anion distances, since the goodness of fit values are nearly identical for both models due to the nearly identical scattering powers for both O 2− and F − in XRD and NPD (as described in more detail in [34] ). Anisotropic thermal parameters can be used to improve the fit slightly further (with a ΔR wp ∼0.1) but do not contribute to a better qualitative understanding of the structure. . The relative areas of the sextets reflect the presence of the different iron sites. The presence of magnetically ordered components in the spectrum implies magnetic ordering at room temperature (for further discussion see Section 3.3). Although the The decomposition appears to be driven by the high stability of the alkaline earth (AE) fluorides AEF 2 as is also known for other highly fluorinated compounds such as SrFeO 2 F [31], Sr 2 TiO 3 F 2 and Ca 2 CuO 2 F 2 [22] . Quantification of the decomposition products by Rietveld analysis confirmed the sample composition of these metastable compounds [31, 33, 34] . After decomposing the 15R-BaFeO 2 F phase at 900 1C for 5 min, BaFe 2 O 4 (Cmc2 1 ) and BaF 2 (Fm-3m) were found in quantities of 49.4(2) and 50.6(2) mol%, confirming the reaction equation shown above and providing further support for the composition of the compound as BaFeO 2 F. A coupled Rietveld analysis of XRD and HRPD bank 1 diffraction data (see Fig. 2 ) was performed on the compound 15R-BaFeO 2 F assuming the same space group (R-3m) that was found for the precursor compound. The (h k 0) reflections show a lower FWHM than the other (h k l) reflections. This might be explained by anisotropy of crystallite size/strain along the c-axis (e.g. caused by stacking faults); other effects such as texture can be eliminated since it was observed in both XRD-and NPD-data (which were recorded using different geometries; reflection vs. transmission). We therefore allowed for an independent refinement of the peak width for the (h k 0) reflections to allow for a detailed analysis of the structural parameters. The refined crystal structure is shown in Fig. 3 , and the refined structural data are listed in Table 5 . The Rietveld analysis showed that the anion sites are fully occupied by O/F ions. Both ions are nearly indistinguishable using XRD/NPD due to essentially indistinguishable scattering lengths, respectively. Similar to 6H-BaFeO 2 F, the distances of the Fe1/Fe2 ions, which are located in the face sharing octahedra, to the anions linking by face respectively by corner are quite different (Δ¼0.267(6) Å for Fe1 and Δ¼0.252(4) Å for Fe2). This difference cannot be explained by pure cation repulsion due to face sharing (as already discussed for 6H-BaFeO 2 F in Section 3.1) and is even larger as compared to the parent compound. As above, bond valence sums suggest an ordering of the oxide and fluoride ions on the different anion sites (see Table 4 ). In contrast to 6H-BaFeO 2 F, the anion site that connects the Fe1 and Fe2 octahedra by faces must have a partial occupation by O 2− of 1/6 due to the composition of the compound. This is consistent with the relatively high thermal parameter of the site, which might indicate reduced ordering on that position. The higher thermal parameter of the O1/F1 site can also be attributed to the smaller size of the fluoride ions. Since oxide is the larger anion, the BaO 3 layers show a much higher expansion than the Ba(O 1/6 F 5/6 ) 3 layers and dominate the expansion in the a/bplane. Hence, we suggest that the F − ions have more space to vibrate in this otherwise close packed h-layer. Furthermore, 15R-BaFeO 2.27 F 0.5 (see Section 3.2.2) shows a high degree of disorder in the hexagonal layers which possess vacancies, oxide-and fluorideions and requires the occupation of an additional anion site to appropriately describe the structure. No evidence for the occupancy of such a site is found in the fully fluorinated 15R-BaFeO 2 F, and a fully occupied close packed BaX 3 layer is sterically prohibitive to the occupancy of such an additional site.
Structural characterisation of 15R-BaFeO 3−d F 0.5
Partial fluorination of the compound 15R-BaFeO 3−d F 0.2 using PVDF was achieved by adapting the amount of the polymer to the desired degree of fluorination. Therefore, it proved possible to prepare compounds with composition 15R-BaFeO 3−d F y (0.2≤y≤1) using this method. This was also observed for 6H-BaFeO 3−d F y [34] , where adjustment of the fluorine content is possible for 0oy≤1. However, this does not apply to all perovskite-related compounds since a hypothetical phase SrFeO 2.5 F 0.5 was recently shown to decompose into SrFeO 3 and SrFeO 2 F [47] .
15R-BaFeO 3−d F 0.5 was obtained as a black powder and investigated by a coupled Rietveld analysis of X-ray-and neutron-powder diffraction data (see Table 6 for the refined structure). As was shown by Mössbauer studies reported by Sturza et al. [16] and by a detailed analysis of lattice parameters for the 6H-BaFeO 3−d F y Table 6 ). Furthermore, the Rietveld analysis showed the vacancies to be mainly located in the hexagonal layers. As was already observed for 15R-BaFeO 2.42 F 0.2 by Sturza et al. [15] the anions in the hexagonal layers (O1a-c ions) are much less localised than those in the cubic layers (O2+3 ions). Hence, the anions are spread onto the position O1c, which was not found to be occupied if the layer is completely filled by anions, i. e. the refinement of this position did not prove to be stable for 15R-BaFeO 2 F. Therefore only a single O1 site (most similar to O1a) was used for 15R-BaFeO 2 F. Due to the increased filling of the sublattice compared to the precursor 15R-BaFeO 2.42 F 0.2 [16] , the O1a+b sites show a higher occupancy than in the precursor compound (Δ∼0.1 for each site), whereas the occupancy of the O1c site remains roughly the same. In addition, the O1a and O1b sites (see Fig. 4a ) shift towards the ideal O1 site found for 15R-BaFeO 2 F (Fig. 4c) compared to the precursor 15R-BaFeO 2.42 F 0.2 (Fig. 4b) . Also, the O1c site shows a much lower degree of deviation from the more ideal O1a/O1b sites found for 15R-BaFeO 2.42 F 0.2 [16] and the distance between O1a and O1b is much shorter for 15R-BaFeO 2.25 F 0.5 (by about 0.30 Å) indicating a higher localisation of the anions on the ideal sites for a close packing model, as well as an increased filling of the h-type layers for the higher fluorinated compound. Nevertheless, the split position is still necessary for a good description of the reflection intensity and improves the fit significantly. The low localisation of the anions in the hexagonal layers was shown to promote oxygen mobility for 15R-BaFeO 2.42 F 0.2 [16] and this might also be the case in the higher fluorinated compounds, although the mobility would be expected to be lower due to the increased filling of the h-type layer. The possible conduction pathway is indicated with arrows in Fig. 4a .
Bond valence sums again indicate that the fluoride ions should be preferably located in the hexagonal layers (assuming oxygen on O1a-c: be required to have a coordination number of 5. This also means that the overall coordination number of the Fe1/Fe2 must increase compared to the precursor compound. This is also expressed by the change of the position of the oxygen ions compared to the precursor (see Fig. 4b ). For 15R-BaFeO 2.42 F 0.2 , the oxygen ions move more towards the 1/3 2/3 z position in the hexagonal layer, which is just above the Fe atoms. In addition, the site above the Ba cation is also occupied to higher degree as in 15R-BaFeO 2.25 F 0.5 , which is in agreement with the different amount of vacancies in the layer. For 15R-BaFeO 2 F (see Fig. 4c ), the layer is dense packed and the O1c position cannot be occupied for space reasons. The partial occupancy of the O1c site in the 15-BaFeO 2.25 F 0.5 is also indicated by a high displacement of the Ba3' site; Ba3' moves towards the O1c ion due to its Coulomb attraction. In contrast, a much higher localisation of the Ba3 atom is observed for 15R-BaFeO 2 F (if one assumes a Ba3' atom, it remains much closer to the ideal Wyckoff position 3a and therefore the ideal Wyckoff site 3a was used for the refinement of 15R-BaFeO 2 F; d(Ba3'-Ba3') ¼0.14 Å in BaFeO 2 F vs. 0.53 Å for 15R-BaFeO 2.25 F 0.5 ).
The distribution of the ions in the low fluorine-containing compounds also gives an insight into the mechanism of the fluorination reaction. Since vacancies are preferably located in the hexagonal layers, the ionic conductivity in the hexagonal layers is probably much higher than in the cubic layers, which is also suggested by Sturza et al. [15] . The fluorination at low temperatures is therefore likely to favour the incorporation of the ions into the hexagonal layers to enable their easier rearrangement.
Magnetic characterisation of 15R-BaFeO 2 F 3.3.1. SQUID measurements
The compound 15R-BaFeO 2 F was characterised by two kinds of measurements: Field Cooled/Zero Field Cooled measurements (FC-ZFC) in a temperature range between 5 and 300 K (see Fig. 5 ), and a Field Sweep measurement at 5 K (see Fig. 6 ).
A divergence in the susceptibility between FC and ZFC measurements is clearly observed over the whole temperature range. This is indicative of a weak ferromagnetic component and the measurement is similar to those of 6H-BaFeO 2 F [34] and cubic BaFeO 2 F [27] . Furthermore, the very small magnitude of the magnetic susceptibility over the whole temperature range indicates that the overall ordering of the magnetic moments is antiferromagnetic.
This weak ferromagnetic moment was also observed in the field sweep measurement and the remanent magnetisation can be estimated to be around 0.0012 m B and is, again, of similar magnitude to that found in 6H-BaFeO 2 F (0.0025 m B [27] ) and cubic BaFeO 2 F (0.01 m B [27] ). The remanent magnetisation may be explained by a very small canting angle of the magnetic moments on the iron atoms, which would be out of the detection limit of the neutron powder diffraction measurements (see Section 3.3.2). Furthermore it is interesting to note that the remanent magnetisation appears to decrease in the order cubic to 6H to 15R, whereas the amount of hexagonal stacking sequences increases in the same sequence. In addition, the remanent magnetisation is smaller by about one order of magnitude when compared with the precursor compound 15R-BaFeO 3−d F 0.2 (0.03 m B [16] ). The neutron diffraction patterns at 298 K showed a strong contribution from magnetic scattering. The additional reflections could be indexed in a trigonal cell with a doubling of the c-axis of the nuclear unit cell (magnetic propagation vector k¼ (0, 0, 3/2)) and the size of the magnetic unit cell is therefore identical to that of 15R-BaFeO 2.42 F 0.2 [16] .
Antiferromagnetic alignment of the magnetic moments was evident from the magnetic measurements presented in Section 3.3.1. Along the stacking direction of the Ba(O/F) 3 [16] and is also the inter-layer order observed for 15R-BaFeO 2 F.
Two models were tested to determine the alignment of the magnetic moments: parallel to the c-axis (as found for 15R-BaFeO 3−d F y [16] [49] ). A reasonable fit was only obtained if the magnetic moments were aligned in the abplane (since the exact direction in the a/b-plane cannot be determined using powder diffraction methods [50] , an arbitrary alignment along the [1 1 0] direction was chosen; see Fig. 7a and c) . Alignment along the c-direction did not give a satisfactory description of the magnetic intensities ( Fig. 7b and d) .
The magnetic structure is shown in Fig. 3 . The magnetic moments on the Fe1, Fe2 and Fe3 ions were determined to be 3.55(3), 3.47(3) and 3.97(4) m B and a clear difference of ∼0.5 m B is therefore obtained for octahedral coordination which involves face and corner sharing (Fe1 and Fe2) as compared to octahedral coordination which involves corner sharing only (Fe3). A similar difference was observed for 6H-BaFeO 2 F where the iron atoms which are located in face sharing octahedra show a lower magnetic moment (3.32(3) m B ) compared to the iron atoms which are located in octahedra only connected by corners (3.65(4) m B ) [34] . The magnetic moment for neutron diffraction is given as m ¼μspin+μorbit−μcovalent, and these results indicate that the magnetic moment in the face sharing octahedra is lowered by covalent bonding. This should be expected given the small d-doverlap of the iron atoms in the face sharing octahedra (see Fig. 3 ), supported by a relatively short Fe-Fe distance in both compounds;∼2.96 Å for 15R-BaFeO 2 F and 2.91 Å for 6H-BaFeO 2 F [34] .
The bond angles of Fe1-O2-Fe3 and Fe2-O3-Fe2 are 173.0(1)1 and 180.0(0)1 (corner shared octahedra), and therefore favour the antiferromagnetic alignment of the magnetic moments between those atoms according to the Goodenough, Kanamori, Anderson (GKA) rules [51] . The Fe1-F1/O1-Fe2 bond angle of 86.4(1)1 is close to 901 and would therefore favour ferromagnetic alignment of the moments between those sites. Since the Fe1-Fe2 distance (2.956 (3) Å) is relatively short, direct interactions between the iron atoms can occur. Such interactions can explain the antiferromagnetic alignment of the moments for Fe 3+ in the d 5 high spin state.
This direct interaction is also manifested by the lower magnetic moment of the iron atoms on the Fe1/Fe2 sites and the situation is therefore similar to that in 6H-BaFeO 2 F [34] . The magnetic ordering breaks down at temperatures between 300 and 400 1C. At 300 1C, we continued to observe magnetic moments on the Fe1-Fe3 atoms with magnitudes of 2.41(8), 1.47 (6) and 3.47(11) m B . It is interesting to note that the magnetic moment on the iron atoms in the face sharing octahedra seems to decrease faster than the moment on the iron atom in the corner sharing octahedron. At 400 1C the magnetic reflections completely disappeared. The compound therefore shows very robust antiferromagnetic ordering and its Néel temperature is of a similar magnitude to that determined for similar compounds such as 15R-BaFeO 3−d F y [16] , 6H-BaFeO 3−d F y [16] and SrFeO 2.5 [52] .
It is very interesting that the alignment of the magnetic moments is flipped by 901 compared to its precursor compound 15R-BaFeO 3−d F 0.2 [16] . It is difficult to determine the reason for this change in orientation, but possible explanations might be associated with the lowering of the oxidation state to single valent Fe 3+ and/or the change in coordination for the iron atoms on the Fe1 and Fe2 site, since partial tetrahedral/square pyramidal coordination has been reported for 15R-BaFeO 3−d F 0.2 [16] . A literature search of similar compounds showed that 15R-BaFe 0.7 Ir 0.3 O 3−d [49] contains iron in an oxidation state between +3 and +4 and shows an alignment of the magnetic moments in the a/b-plane, whereas the compound 6H-BaFe 0.67 W 0.33 O 3 [48] contains only Fe 3+ and shows alignment of the magnetic moments parallel to c.
An additional investigation of the magnetic structure of the partially fluorinated compound 15R-BaFeO 2.25 F 0.5 also showed alignment of the magnetic moments in the a/b-plane although the compound contains only little if any traces of Fe 4+ . This indicates that the increased filling of the anion sites, and therefore change in coordination, might have a dominating influence on the orientation of the moments. The magnetic moments on Fe1-3 were refined to 2.55(4), 3.29(5) and 3.34(6) m B .
Conclusions
We show here that the compounds 15R-BaFeO 2 F and 15R-BaFeO 2.27 F 0.5 can be easily prepared by a low temperature fluorination route using PVDF, hence isolating a third modification of , and, in combination with a completely filled anion sublattice, this is consistent with the formulation BaFeO 2 F. Furthermore, a reinvestigation of the crystal structure of 6H-BaFeO 2 F suggested that ordering of oxide and fluoride ions probably takes place in a similar fashion to that observed for 15R-BaFeO 2 F.
The increased filling of the anion sites compared to the precursor compound 15R-BaFeO 2.42 F 0.2 gives rise to a change in the orientation of the magnetic moments on the Fe 3+ ions by 901, which align in the a/b-plane in 15R-BaFeO 2 F and 15R-BaFeO 2.27 F 0.5 compared to parallel to the c-axis in 15R-BaFeO 2.42 F 0.2 [16] . This demonstrates that small changes in structure and composition can have a significant impact on the compound's magnetic properties of these materials. 15R-BaFeO 2 F was shown to be a very robust antiferromagnet with a Néel temperature between 300 and 400 1C and the magnetic structure is in good agreement with that expected from the GKA rules [51] .
